INTRODUCTION
Oithona spp. is probably the most abundant and cosmopolitan copepod group throughout coastal and oceanic regions of tropical, temperate and polar waters (Paffenhöfer 1993 , Nielsen & Sabatini 1996 , Atkinson 1998 , McKinnon & Klumpp 1998 . These cyclopoids usually constitute a significant fraction of the total copepod numbers, and thus their grazing may be equivalent to that of calanoid copepods (Atkinson 1996) . However, unlike free-spawning calanoids which show very strong seasonal signals in both population abundance and reproduction rate, Oithona spp. has been reported to maintain almost constant weight-specific egg production (SEPR) year-round , and relatively high population abundance in winter when other copepod groups decline (Nielsen & Sabatini 1996) . It has been argued that such differences in seasonality may be related to differences in the functional relationship between fecundity and food availability rather then differences in reproductive strategies between calanoid and cyclopoids (Kiør-boe & Sabatini 1994 . Oithona spp. has been reported to prefer motile to non-motile prey (Uchima & Hirano 1986 , Turner & Graneli 1992 , selecting ciliates preferentially to diatoms of similar shape and size (Atkinson 1996) , and to be able to feed carnivorously (Lampitt 1978 , Nakamura & Turner 1997 and coprophagously (Gonzalez & Smetacek 1994) . Nevertheless, phytoplankton, particularly diatoms, can also make up a large fraction of the diet of Oithona spp. (Hopkins et al. 1993 , Atkinson 1996 .
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Resale or republication not permitted without written consent of the publisher contribution to egg production still remains uncertain (Paffenhöfer 1993 , Atkinson 1998 . One reason for such a shortcoming is that there has been no single comprehensive study considering the feeding and reproductive ecology of Oithona spp. at different times of the year in contrasting situations of relatively food-rich shelf areas and relatively food-poor open ocean waters. Although protozoans can be the most important food source of Oithona spp. in spring in coastal areas, their dietary contribution to reproduction is unknown. In addition, it is also unclear whether the relatively high reproductive activity in winter and in the open ocean can be fuelled by a diet of small flagellates (< 5 to 10 µm), which may represent the most abundant food source in many temperate areas , or by a more carnivorous diet (Atkinson & Shreeve 1995) .
The present study investigates the relationship between feeding and fecundity of Oithona similis during 3 cruises in the North Atlantic at coastal and oceanic stations. In particular we asked the following questions: (1) Which food source is likely to sustain O. similis egg production at different times of the year? (2) Can a diet of flagellates alone sustain O. similis reproduction in winter and in open waters?
MATERIALS AND METHODS
Feeding experiments. The feeding rates of Oithona similis were measured during shipboard experiments carried out during RRS 'Discovery' cruises D262, D264 and D267 in the Irminger Basin in spring, summer and autumn-winter 2002 respectively. Experimental stations are presented in Fig. 1 . The Oithona similis for the feeding experiments were picked from 63 µm net samples vertically collected from 120 m depth at each experimental station. Feeding rates on the different nano-and microplanktonic groups were estimated by incubating 15 to 25 adult female O. similis in 200 ml bottles filled with water from the chlorophyll a (chl a) maximum. We incubated 3 replicates and 3 control bottles on a plankton wheel (1 rpm) for 24 h in the dark at the mixedlayer temperature. An additional bottle was filled and immediately fixed to estimate the abundance at the start of the experiment. At the end of the experiment Lugol's iodine was added to the bottles to a final concentration of 2% (Nielsen & Kiørboe 1994) . Half of the bottle volume was settled (Utermöhl 1958) and counted with an inverted microscope (following Båm-stedt et al 2002) . Heterotrophic dinoflagellates were separated from autotrophic forms according to taxonomical criteria (Lessard & Swift 1986 , Burkill et al 1993 . Cell volume was converted to carbon according to Strathmann (1967) for phytoplankton and using a factor of 0.19 pg C µm -3 for ciliates (Putt & Stoecker 1989) . Filtration and ingestion rates in the incubations were calculated according to the equation of Frost (1972) for the taxa where there was a significant difference in abundance between controls and incubation bottles. Food selection on specific phytoplankton groups/species was quantified using the selectivity index proposed by Manly (1974) for variable prey populations.
Egg production rates. The egg production rates (EPR) of the Oithona similis population were calculated at each station using the female-to-egg ratio method (Edmondson 1971) , by counting the eggs per sac and the number of females extracted from the preserved 63 µm net samples vertically collected from 120 m depth at each experimental station. The egg hatching rate at the temperature measured at each station was calculated using the equation of Nielsen et al (2002) . We dissected 30 egg sacs, and sized and counted the eggs under an inverted microscope. Egg carbon content was estimated from egg volume assuming a conversion factor of 0.14 pg C µm -3 (Kiørboe et al 1985 , Huntley & Lopez 1992 . The prosome length of 30 females was measured in the same way as for the eggs, and the length was converted to carbon by means of the length-weight regression of . 
RESULTS

Feeding environment
The composition and biomass of the nano-microplankton differed substantially both during the 3 cruises and across stations (Fig. 2, Table 1 ). In spring the nano-microplankton in the Irminger Basin (10 to 169 mg C m -3 ) was dominated by ciliates (Strombidium spp. 20 to 30 µm, and Myrionecta spp. > 30 µm) and nanoflagellates (5 µm). On the Greenland shelf, Phaeocystis sp. and diatoms made up most of the biomass (i.e. > 80%). In the Iceland Basin, the nano-microplankton community was dominated mostly by diatoms (Chaetoceros pelagicus) whereas the contribution of dinoflagellates (Dinophysis acuminata, Gyrodinium britannicum), Strombidium spp. and small flagellates (2 to 5 µm) was less important than at the other stations.
In summer, the total nano-microplankton biomass on the Greenland Shelf, ranging from 51.6 to 79.6 mg C m -3 , was lower than in spring. At this time the nanomicroplankton was often dominated by small flagellates (2 to 5 µm) throughout all stations, whereas diatoms, particularly the genus Tropidoneis spp., were the second most important group.
In the autumn and winter, sampling was conducted in the Irminger Basin and off the coast of Iceland but not on the Greenland Shelf due to bad weather conditions. At this time, the nano-microplankton biomass was much lower than on the previous 2 cruises, ranging between 3.3 and ~8 mg C m -3
. Again flagellates dominated the biomass at most stations, whereas dinoflagellates and ciliates alternated in order of importance. in winter (Fig. 3) . Ingestion rates were correlated with the total initial carbon concentration during spring except for those stations where Phaeocystis spp. dominated the microplankton. In summer and winter, ingestion rates were not correlated with carbon concentration and were overall lower than in spring. Feeding rates on ciliates in different seasons were overall positively correlated with ciliate abundance (Fig. 4) .
Feeding
Clearance rates and prey selection
During spring, Oithona similis females ingested ciliates (Strombidium spp. and Myrionecta spp.) and flagellates preferentially to other nano-microplankton. Phaeocystis spp. were never ingested even when they made up the largest proportion of the nano-microplankton carbon (Table 1 , Stns C6-sp and C11-sp). In the Iceland Basin in spring at Stn I2-sp, where the largest proportion of the nano-microplankton was represented by diatoms Chaetoceros pelagicus, O. similis ingested dinoflagellates Dinophysis acuminata, flagellates (2 µm) and ciliates, which were less abundant than diatoms.
In summer and winter, whenever the proportion of ciliates in the nano-microplankton decreased to very low abundances, the flagellate and the pennate diatoms Tropidoneis spp. made up the largest part of the Oithona similis diet. Overall, the highest clearance rates were generally measured for ciliates, particularly Strombidium spp. and Myrionecta spp. However, other less-abundant prey such as coccolithophorids and dinoflagellates could also be filtered at high rates, particularly when ciliates were scarce (Table 1) .
EPR and GGE
The Oithona similis EPR was very variable, both temporally and spatially. As a result, although mean (± SD) EPR was on average higher in spring (2.1 ± 0.7 eggs female -1 d ), the difference in fecundity between seasons was on average not significant (ANOVA, df = 19, F = 2.99, p = 0.77). The mean prosome length (± SD) of the O. similis females at the experimental stations ranged from 505 ± 11 µm (or 650 ± 3 ng C) in winter, 510 ± 25 µm (or 680 ± 8 ng C) in spring, and 498 µm ± 24 (or 540 ± 3 ng C) in summer. On the other hand, egg size did not vary with season averaging (± SD) 60 ± 8 µm in diameter.
The relationship between EPR and nano-microplankton ingested mirrored the pattern found between ingestion and food concentration. Overall, there was no correlation between EPR and total nano-microplankton carbon ingested whereas there was a significant relationship between SEPR and total ciliates ingested at all stations (Fig. 5) . Comparison between ingestion rate and EPR showed that copepods reproduced at very low or no ingestion, suggesting that feeding might have been underestimated at some of the stations. This observation was confirmed by the generally high (i.e. >100%) estimates of egg production efficiencies (i.e. GGE = EPR/ ingestion rate × 100) that were obtained at several stations. Comparison between the ingestion rates calculated from EPR (i.e. assuming GGE of 30%, Ikeda & Motoda 1978 ) with the ingestion rates measured from feeding experiments at each station suggests that the underestimation of ingestion rates was probably most severe during winter (Fig. 6 ). Excluding the stations at which GGE was >100%, we estimated a mean GGE of 47 ± 16%. Fig. 7 also shows that there was a positive relationship between GGE <100% and the percentage of ciliates in the diet, indicating that microzooplankton had higher nutritional quality for Oithona similis than other components of the nano-microplankton.
DISCUSSION
Ingestion rates and food selection
The wide variety of nano-microplankton composition and abundance encountered at the North Atlantic Regression line fitted to whole data set excluding Stn B1-sp, which was dominated by Myrionecta spp. Relationship between weight-specific egg production rate (SEPR) and weight-specific ingestion (S-Ing) rates of total ciliates stations during the year, in the present study, enabled the feeding ecology of Oithona similis to be investigated in some detail. The spatial and seasonal variation in the ingestion rates of adult females was related to both the abundance and the composition of the nano-microplankton. The highest ingestion rates were measured in spring and summer when nano-microplankton abundance was high, and the lowest in winter when abundance declined. The significance in the relationship between ingestion and nano-microplankton standing stock in spring, however, appeared to be related to the higher ciliate abundance found at this time of the year compared to summer and winter (Fig. 3 ). This observation is clearly supported by the significant relationship found between ingestion rates and abundance for the whole data set when total ciliates alone were considered (Fig. 4) . Oithona similis did, in fact, clear ciliates at a higher rate than the other more abundant nano-microplankton organisms, indicating that it was feeding selectively on this group (Table 1) . Similarly, Atkinson (1996) ), which often also comprised the largest proportion of the diet of these copepods. The maximum clearance rates measured here on ciliates are within the reported range for O. similis: from ~7 ml female -1 d -1 (Atkinson & Shreeve 1995 ) to ~75 ml female -1 d -1 (Lonsdale et al. 2000) . High clearance rates in this study were also measured on Myrionecta spp. (Table 1) . Although the importance of microzooplankton and ciliates in the diet of Oithona spp. has been recognised by other studies for other environments (Atkinson 1996 , Nielsen & Sabatini 1996 , Nakamura & Turner 1997 , Lonsdale et al. 2000 , none of the previous investigations have reported predation of Oithona spp. on Myrionecta spp. Copepod feeding efficiency is related to the different characteristics of their prey, including abundance, shape, size, behaviour and palatability and the predator itself (behaviour, hunger, etc.). The ability of O. similis to prey on such fast-swimming ciliates must be attributed to a combination of very high jump speeds and the reduced hydrodynamical disturbance characteristic of the genus Oithona (Svensen & Kiørboe 2000 , Paffenhöfer & Mazzocchi 2002 . Although O. similis preyed on Myrionecta spp., it is likely that its feeding efficiency on this prey might have been lower than that on other ciliates. The low ingestion rates measured in spring at Stn B1-sp (Fig. 4) , where the highest biomass of ciliates was found, may probably be attributable to the low capture efficiency of O. similis feeding on Myrionecta spp., which dominated the ciliate assemblage (i.e. 54% of total ciliate carbon). It is also interesting that, although the maximum ciliate abundance (24.4 mg C m -3 ) measured by Lonsdale et al. (2000) was similar to the maximum (23.5 mg C m -3 ) measured in the present study at Stn B1-sp (Fig. 4) , the filtration rates reported by Lonsdale et al. (2000) of ~75 ml female -1 d -1 at 0°C were ~8 times higher than the ~9 ml female -1 d -1 measured here at 7°C. Nakamura & Turner (1997) found that the clearance rate of O. similis increased with increasing prey volume. Since the ciliates in Lonsdale et al.'s (2000) study were on average larger (2.54 ng C cell -1 ) than those found in the Irminger Basin (1.39 ng C cell -1 ), it is possible that the lower filtration rates in the present study were the result both of lower feeding efficiency 177 Fig. 6 . Oithona similis. Comparison between ingestion rates (I, ± SD) measured in feeding experiments and those estimated from EPR assuming an egg production efficiency (GGE) of 30% Fig. 7 . Oithona similis. Relationship between egg production efficiency (GGE) and percentage carbon in diet of females at different stations. Regression line fitted to data excluding GGE >75% 5.9 ± 1.7** 63.9 ± 15.7*** 25
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Gyrodinium cf. 6.2 ± 7.5 0.4 ± 0.2** 0 on Myrionecta spp. and lower predation rates on smaller ciliates. However, the linear response of the feeding rates suggests that even in spring, when food sources were highest, ciliate abundance was probably too low to saturate ingestion rates (Fig. 4) . Overall, in the present study Oithona similis appeared to ingest motile prey, particularly ciliates, preferentially to other prey, with the latter only becoming important when the abundance of the former decreased to very low abundance (Table 1) . Results from previous studies have presented conflicting evidence on the feeding ecology of Oithona spp. Lonsdale et al. (2000) reported that dinoflagellates were not important in the diet of O. similis, and Nakamura & Turner (1997) measured lower clearance rates on dinoflagellates (3.12 ml female -1 d -1
) than on ciliates (6.24 to 9.12 ml female
) of equivalent spherical diameter (i.e. ESD 20 µm). In contrast, O. similis in subantarctic seas cleared pennate diatoms (ESD 10 µm) and dinoflagellates (EDS 20 µm) at rates 3 and 1.3 times higher than ciliates (EDS 15 µm) respectively (Atkinson 1996) . In Atkinson's (1996) study, however, ciliate carbon concentration was ~2 to 4 times lower than that of the dinoflagellates and diatoms in his own study, and up to 16 times lower than that of ciliates in the study of Nakamura & Turner (1997) and in the present study. Thus, consistent with the present study, the higher ingestion rates measured by Atkinson (1996) on diatoms and dinoflagellates were probably due to the very low abundance of ciliates in his study area. Nevertheless, ciliates differ in their locomotory behaviour, i.e. different ciliates probably elicit varying responses from O. similis and this might have well been another reason for the difference in prey-type selection measured at different stations in the present study and between the present and previous studies.
Although dinoflagellates did not form a large proportion of the microplankton in the present investigation, they appeared to be ingested preferentially to diatoms whenever present (Table 1) , i.e. calculated from weight-specific filtration rates) have also been reported by Atkinson (1996) . Findings from the present study, however, contrast with the measurements of Nakamura & Turner (1997) , who found no evidence of ingestion of 6 to 8 µm flagellates by O. similis. Nevertheless, O. similis can feed, grow and reproduce on a unialgal diet of Rhodomonas reticulata (~6 µm length, C. Castellani pers. obs.) and Oithona spp. have been reported to feed on a variety of cultured flagellate species in other studies (Lampitt & Gamble 1982 , Drits & Semenova 1984 . Moreover, the fact that flagellates were ingested at higher rates when Strombidium spp. abundance was lowest (e.g. Table 1 , Stns B4-su and C8-su) suggests that the copepods were feeding on them. It is interesting, however, that despite preying on flagellates in the present study, O. similis did not ingest Phaeocystis spp. colonies. Overall, these observations indicate that although preying selectively on ciliates, O. similis will switch to feeding on more abundant nano-microplankton prey when ciliate abundance declines.
It is also noteworthy that, since Oithona similis was the most abundant copepod species found in the study area throughout the year, accounting for between 40 and 80% of the total copepod community (C. Castellani pers. obs.), the impact of this species on the nanomicroplankton standing stock was probably quite important.
In the present study, the daily carbon ration of Oithona similis from nano-and microplankton represented on average, 9.5 and 8.2% body-C d -1 (max. 17%) in spring and summer respectively, but only 0.54% body-C d -1 (max. 1.3%) in winter. Our maximum values are close to the 12 to 27% body-C d -1 reported by Nakamura & Turner (1997) and the 13% body-C d -1 measured by Lonsdale et al. (2000) for O. similis feeding on total nano-microplankton and ciliates respectively, but lower than the 34% body-C d -1 estimated by Atkinson (1996) for Oithona spp. feeding on phytoplankton.
At the mean temperatures encountered in the Irminger Basin, the cost of respiration for a female Oithona similis will range from ~6% body-C d -1 at 7°C in spring and winter and ~10% body-C d -1 at 11°C in summer (Castellani et al. 2005) . Thus, whereas the ingestion rates measured at most of the stations in spring and partly in summer exceeded the cost of basic copepod body maintenance, those measured in winter were well below the energy requirements of the copepods.
SEPR and GGE
Similarly to ingestion rate, SEPR (% d -1 ) of Oithona similis was highly correlated with total ciliates ingested, but not with total nano-microplankton carbon, for all stations. This supports the observation of Nielsen & Sabatini (1996) of a positive correlation in the EPR of O. similis in the North Sea with in situ microzooplankton but not with phytoplankton abundance. Nevertheless, the high and significant (i.e. different from zero, Fig. 5 ) intercept of the regression between SEPR and weightspecific ciliate carbon ingested (% d -1 ) indicates that ciliates alone could not have supported reproduction.
The lack of agreement (particularly for the winter stations) between ingestion rates measured and those estimated from EPR (i.e. Fig. 6 , assuming an egg production efficiency, GGE of 30%) indicates that Oithona similis, ingestion was probably underestimated by the bottle-incubation technique. Oithona spp. is able to feed on a very wide variety of food sources which include, beside unicellular microplankton, the nauplii (Lampitt 1978 , Nakamura & Turner 1997 ) and faecal pellets (Gonzalez & Smetacek 1994 ) of other copepods, neither of which can usually be estimated accurately because of the relatively small volume analysed with this method. Alternatively, the 'bottle effect', i.e. incubation of a relatively large number of copepods in a small volume combined with the turbulence generated by the rotation of the plankton wheel, might have increased the encounter rate of jumping O. similis with the wall of the bottle, negatively affecting its mechanoreception of the prey. The copepods used in the present experiment originated from the entire upper 120 m of the water column, whereas the suspensions for the experiments originated from the chlorophyll maximum. Thus, it is also possible that low ingestion rates were caused by the fact that the O. similis food optimum was not in the chlorophyll maximum. Nakamura & Turner (1997) have shown that, although a large part of the food source of Oithona similis is comprised of ciliates and flagellates, the calculated ingested food could cover metabolic requirements and egg production only when a carnivorous source was considered in the diet. In a laboratory study, . In the present study, the winter abundance in the field neither of flagellates (1.6 to 3.5 mg C m -3 ) or ciliates (0.6 to 1.3 mg C m -3 ) was high enough to sustain basic metabolism, let alone reproduction. Thus, during winter, O. similis may have been supported by an alternative food source such as the nauplii of small copepod species and/or the faecal pellets of euphausids which were found in the net samples.
The average GGE of 47% estimated in the present study, is higher than the often-used value of 30% (Ikeda & Motoda 1978) and the mean of 26% reported in Straile's (1997) review for copepods. However, in copepods, GGE can range from <10 to 80% (Straile 1997 , Dam & Lopes 2003 , and among other factors it can be affected by the chemical composition of the diet. For instance, an increase in nitrogen content of the diet resulted in an increase in the GGE of the copepod Paracalanus parvus (Checkley 1980) . Indeed, the GGE estimated in the present study, increased significantly with an increase in the percentage of ciliate carbon in the diet of Oithona similis (Fig. 7) .
Given the preponderantly carnivorous diet of Oithona spp., in the present study, a GGE higher than that of more herbivorous copepods may not be unlikely, as diatoms and phytoplankton in general are considered to be less digestible, less nutritious and to contain less nitrogen than ciliates (Stoecker & Capuzzo 1990 , Sanders & Wickham 1993 , Klein-Breteler et al. 1999 ; but see Dam & Lopes 2003) . Coincidentally, at Stn C8-su, where the lowest GGE of 17% was estimated, 90% of the diet was composed of flagellates. A high GGE could represent an important evolutionary adaptation for a copepod like O. similis, living in a relatively 'food-diluted' environment. It is important to remember, however, that GGE is a derived parameter (i.e. the ratio between EPR and ingestion rate) and not a direct measurement. Thus, in the present study, the GGE might have been overestimated (i.e. GGE >100%), by using the EPR of a population (i.e. net samples) rather than of individual females incubated in feeding experiments. Future research will be required to elucidate whether Oithona spp. egg production efficiency is higher than that of other copepod groups.
CONCLUSION
By investigating the feeding ecology of Oithona similis over a wide temporal and spatial scale the present study has shown that microzooplankton, particularly Strombidium spp. ciliates were the main food sources for O. similis in the Irminger Basin and in the Iceland Basin. Other food items were only ingested when ciliate abundance became scarce.
There was a positive relationship between GGE and the percentage of ciliates in the diet, suggesting that microzooplankton had a higher nutritional vlaue for Oithona similis than other components of the microplankton.
Estimates of GGE >100, particularly in winter, suggest that ingestion was underestimated and that reproduction might have been supported by alternative prey which could not be taken into account by the feeding experiments.
